Ecphory occurs when one recollects a past event cued by a trigger, such as a picture, odor, or name. It is a central component of autobiographical memory, which allows us to ''travel mentally back in time'' and reexperience specific events from our personal past. Using fMRI and focusing on the role of medial temporal lobe (MTL) structures, we investigated the brain bases of autobiographical memory and whether they change with the age of memories. Importantly, we used an ecphory task in which the remote character of the memories was ensured. The results showed that a large bilateral network supports autobiographical memory: temporal lobe, temporo-parieto-occipital junction, dorsal prefrontal cortex, medial frontal cortex, retrosplenial cortex and surrounding areas, and MTL structures. This network, including MTL structures, changed little with the age of the memories. D
Introduction
We experience our lives in a stream of events. Autobiographical memory-one of the most complex memory systemsallows us to travel back in time mentally and reexperience these events (Tulving and Markowitsch, 1998) . In this study, we used fMRI to uncover the neural substrates of autobiographical memory, and explored whether and how the locus and extent of activation changed with the age of memories. We were particularly interested in whether and how the role of medial temporal lobe (MTL) structures altered. It is well known that MTL structures are engaged in the formation of autobiographical and semantic memories (Corkin, 1984; Gabrieli et al., 1988; Halgren et al., 1985; Milner and Penfield, 1955; Scoville and Milner, 1957) . Their role in remote memory, however, is highly debated. The generally accepted view is that MTL structures are essential for the initial storage and retrieval of autobiographical and semantic memories, but that they become unnecessary over time when autobiographical and semantic memory traces are established permanently in the neocortex, due to consolidation processes (Bayley et al., 2003; Squire and Zola, 1998) . A contrasting position is that MTL structures are always needed for autobiographical memory, and that only semantic memory becomes independent from them (Bayley et al., 2003; Moscovitch et al., 1999; Nadel et al., 2000) .
In the present investigation, participants reminisced about specific events that had occurred in their personal past. Previous studies showed that highly specific retrieval cues can elicit ecphory, the recognition process that results in vivid episodic recollections of particular situations (Brewer, 1988; Wheeler et al., 1997) . We, therefore, provoked ecphory using stimulus sentences, tailored individually for each participant, that asked about salient aspects of specific events that had occurred in their personal past. Other studies have used adaptations of the Crovitz and Schiffman technique (Conway et al., 1999; Crovitz and Schiffman, 1974; Ryan et al., 2001) to elicit memories in a rather vague way or have interviewed participants shortly before scanning (Fink et al., 1996; Maguire, 2001a,b; Maguire and Mummery, 1999; Maguire et al., 2000 Maguire et al., , 2001a . Recent retrieval, however, destroys the remote character of memories because each time one remembers an event one encodes it anew Nyberg et al., 2000) . Eliminating reliances on recent retrieval has, to our knowledge, been accomplished only in one study (Gilboa et al., 2004) which, however, included a small number of participants (n 9). Our study also avoided recent retrieval by using participants' diaries and information obtained from interviews with family members and friends to create the stimuli. Our results showed a large network of activation that included MTL structures and was specific to autobiographical memory, independent of the age of the memories.
Materials and methods

Participants
The participants were 16 right-handed healthy volunteers (9 men). Their mean age was 41.4 T 7.9 years, and mean education 16.7 T 2.1 years. Participants had to be at least 28 years old, so that we could obtain a sufficient number of remote autobiographical events, and younger than 60 years old to ensure a vivid character of autobiographical memories, which are likely to become semanticized in older individuals (Levine et al., 2002) . All participants were native English speakers. Five additional participants were excluded because of claustrophobia (n = 1), technical scanner problems (n = 1), a low hit rate in the semantic condition (n = 2), and left handedness (n = 1).
Written informed consent was obtained prior to scanning. All procedures were approved by the Massachusetts General Hospital Human Research Committee and by the MIT Committee on the Use of Humans as Experimental Subjects.
Task design and procedure
The task consisted of three memory conditions-recent autobiographical, remote autobiographical, and remote semantic-which were presented in random order with a fixation condition (Fig. 1) . Each memory condition comprised 50 items that were presented in identical trials in which participants were asked to remember a specific event from his or her recent or remote personal past (autobiographical conditions), or to visualize mentally a well-known object (remote semantic memory condition). Stimulus sentences were matched for length (number of syllables) and grammatical complexity. In each condition, participants gave two responses. After presentation of the stimulus sentence, they pressed a button as soon as they could recall the personal event (autobiographical conditions) or visualize the well-known object or figure (remote semantic memory condition). Reaction times were measured from the time of stimulus onset to the button press. This self-paced ''search'' period was followed by a 6 s ''reminiscence'' period during which the participant was asked to remember in as much detail as possible the event, or to visually imagine in as much detail as possible the well-known object. In the autobiographical conditions, participants were instructed to reexperience the event and to orient themselves towards their own past. They were specifically instructed not to wander mentally to other events. In the remote semantic memory condition, participants were told that they could rotate the object mentally if they wished. All of the objects or figures of the remote semantic memory condition were renowned for at least 10 years, but were currently not frequently published in the media. The 6 s ''reminiscence'' period was followed by a 2 s period in which participants were asked to rate the vividness of the memory. The vividness rating was requested to ensure that participants continued to perform the mental task and did not drift off to other thoughts. If a participant could not remember the event or visualize the well-known object (left button press at the end of the self-paced search period), the next trial appeared. During fixation trials, participants focused on a cross on the screen. The task was presented in three runs. Immediately before scanning, participants performed a practice trial to become familiarized with the task. Only successfully retrieved memories were included in the analyses. Participants needed to recall at least 30 items in each condition to be included in the study.
The stimuli for the autobiographical memory condition, tailored individually for each participant, asked about a key aspect of a specific event that lasted not more than several hours. Events for the remote autobiographical condition occurred 10 or more years ago, usually during the participant's childhood or adolescence, whereas events for the recent autobiographical condition stemmed from the preceding 1 -2 years. Information about specific events came from diaries that participants (n = 5) had not looked at for the last 8 -10 years (for the remote time period only) or from interviews with family members or friends. For the creation of stimulus sentences, we selected only diary entries that indicated a Fig. 1 . Outline of task design and sample sentences for the three memory conditions. particular event specific in time and place, such as ''going to a prom'' or ''picking out a pet.'' During the interviews, we asked family members and friends to avoid giving events that were ''personal folklore,'' memories told over and over again, because such memories may refer to previous recollections rather than to the original event. Family members and friends agreed not to discuss the content of the interview with the participant until after scanning was conducted. Written informed consent was obtained from family members and friends before the interviews.
Postscan testing
Immediately after each imaging session, 15 of the 16 participants rated their memories on a 5-point scale regarding the vividness of the memory during scanning, the emotional impact of the original event, its personal importance, and the numbers of prior rehearsals of the memory.
A critical issue in interpreting the results concerned the depth of encoding during scanning. Participants retrieved and, therefore, encoded the memories anew inside the scanner. It is possible that the memories in the autobiographical conditions were more richly and deeply reencoded than those in the semantic condition because of self-referential elaboration of the former. Enriched encoding could result in greater activation in the autobiographical conditions, especially in MTL structures. If encoding were enhanced in a particular condition, one would expect a disproportionate decrease in reaction times when that condition was presented a second time. To address this issue, we asked 11 participants to retrieve each memory again after scanning so that reaction time changes could be compared across conditions.
We further performed Pearson correlation analyses of the quality ratings (vividness, emotional impact of original event, personal importance, and number of rehearsals) with the results of the ROI analyses (percentage signal change in the left and right amygdala, hippocampus, and parahippocampal region, respectively). These analyses were performed for the search time period only because the ROI analyses of the reminiscence period did not reveal significant effects.
Image acquisition
Images were acquired using a 3.0 T Trio imager (Siemens Medical Systems, Iselin, NJ). Participants wore foam earplugs for noise protection and laid on a padded scanner table in a dimly lit room. Foam padding minimized head movement. Stimuli were generated by Presentation, Version 0.71 (Neurobehavioral Systems, Albany, CA) on a Sony Vaio PCG-GRS100, and were projected with an LCD projector through a collimating lens onto a plastic screen secured to the back of the scanner. Participants viewed the stimuli through an angled mirror positioned immediately in front of their eyes. Stimuli subtended¨10-of visual angle vertically. Two structural scans were collected before the functional scans using a MPRAGE sequence (TR = 2530 ms, TE = 3.31 ms, matrix = 192 Â 256, orientation = sagittal, slice thickness = 1.33 mm, band width of 200 Hz/Pix). Functional data were acquired using gradient echo EPI sequences (TR = 2000 ms, TE = 25 ms, 30 slices, orientation = coronal, slice thickness 5 mm, band width of 2232 Hz/Pix). Functional sequence images were acquired in coronal orientation aligned along the longitudinal gradient of both hippocampi. This orientation maximized the in-plane resolution within the hippocampus.
Event-related analyses
Hemodynamic activation maps were estimated for neural activity using FS-FAST with the gamma function (i.e., assuming a specific shape of the hemodynamic response) (Burock and Dale, 2000) . By this approach, the hemodynamic responses of the search and reminiscence components could be disentangled, even though both had a fixed temporal relation. This analysis technique takes the overlap of the hemodynamic responses of both time periods into account by modeling the hemodynamic response function for each phase independently by means of the gamma function. The tail of the gamma function for the search phase overlapped the onset of the gamma function for the reminiscence phase. The contribution of each phase during the overlap period was dictated by the relative proportion predicted by the gamma functions, thereby assuring the correct loading of the regressors for each phase, under the assumption that the gamma function was the correct model. We acknowledge, however, that if the assumptions of the gamma function were incorrect, then model errors could have resulted in misappropriation of regressor weighting.
In addition, we focused on contrasts across memory conditions, which were aided by the fact that reaction times between memory conditions did not differ significantly (Table 1) . Consequently, any overlap of activation from the search and reminiscence periods should have been equivalent in the different conditions, and thus removed in their comparisons. Only hit trials were included in the analyses (i.e., trials in which participants could remember in the autobiographical memory conditions or imagine in the remote semantic memory condition). Contrasts included: remote autobiographical vs. remote semantic memory, recent autobiographical vs. remote semantic memory, and recent autobiographical vs. remote autobiographical memory.
Data from individual runs were first normalized, correcting for signal intensity changes and temporal drift, and then spatially smoothed (1.5 voxel Hanning radius). The normalized data were then averaged in relation to the beginning of each trial type for each participant across runs (Burock et al., 1998) . Statistical average event-related activation maps were constructed, using FS-FAST with the gamma-function, based on the averaged eventrelated responses for each trial type. Structural images were resampled automatically into Talairach and spherical space (see below) to allow averaging of the group data. To contrast the effects of the different conditions, we created group statistic voxelwise maps using a t statistic with random effects. We displayed our data in a spherical space for visualization of the neocortical activation maps, and in Talairach space for visualization of activation in MTL structures that reached a threshold of P 0.001.
Cortical surface analyses
A model for each participant's cortical surface was created using the two MPRAGE sequences. After segmentation of the cortical white matter and tessellation of the gray/white matter border, the folded surface tessellation patterns were inflated (Fischl et al., 1999a,b) , and an automated correction of the topological defects resulted in the manifold (i.e., cortical surface model) (Fischl et al., 2001) . The reconstructed brain of each participant was morphed to an average spherical surface image optimally orienting the major sulcal and gyral characteristics of each brain (Fischl et al., 1999a,b) . The individual spherical surface coordinate transformations were then used to resample the selective averages and the variances of each participant's functional data.
ROI analyses within MTL structures
ROIs were hand-drawn on coronal and sagittal slices of T1 images of each participant distinguishing the amygdala, hippocampus, and parahippocampal region (entorhinal, perirhinal and parahippocampal cortices), following published guidelines for segmentation of MTL structures (Pruessner et al., 2000 (Pruessner et al., , 2002 . We performed ANOVAs (mixed models) for search and reminiscence periods, respectively, with laterality (left, right), brain area (amygdala, hippocampus, and parahippocampal region), and memory condition (remote autobiographical, recent autobiographical, and remote semantic memory) as fixed factors and participants as random factors, using motion corrected, intensity-normalized, but not spatially smoothed, functional data.
Results
Behavioral
The hit rates (averaged for each participant; F(1,1.635) = 1.797, P = 0.280) and the reaction times (averaged for each participant; F(1, 1.196) = 3.613, P = 0.076) for successfully retrieved memories did not differ across memory conditions (Table 1) . Mean performance time and SD for the three functional runs was 12.98 T 3.76 min.
Postscan questionnaire and reaction times
An ANOVA for repeated measures of the reaction times (averaged for each participant) during and after scanning indicated that this measure decreased significantly in all memory conditions, F(1,1) = 32.99, P 0.001, with no significant interaction effect between memory condition and time of retrieval (during or after scanning; F(1,1.612) = 0.098, P = 0.868; Fig. 2 ). An ANOVA for repeated measures disclosed a significant difference across memory conditions for the ratings of the number of rehearsals (averaged for each participant; F(1,1.804) = 26.550, P 0.001). Paired t tests revealed that participants indicated that they rehearsed recent, t(15) = 7.277, P 0.001, and remote, t(15) = 4.733, P 0.001, autobiographical memories significantly more often than semantic memories, and recent autobiographical memories significantly more often than remote autobiographical memories, t(15) = 2.887, P 0.001 ( Fig. 2 ). An ANOVA for repeated measures showed a significant difference across memory conditions for the vividness ratings of the memories (averaged for each participant; F(1,1.931) = 7.940 P 0.01), and for the ratings of emotional impact of the original event/object (averaged for each participant, F(1,1.943) = 67.005, P 0.001). Paired t tests indicated that participants rated the vividness of recent autobiographical memories significantly higher than that of remote autobiographical, t(15) = 2.528), P 0.05, and remote semantic memories, t(15) = 3.719, P 0.005, and the emotional impact of recent, t(15) = 8.826, P 0.001, and remote autobiographical memories, t(15) = 11.819, P 0.001, significantly higher than that for remote semantic memories (Fig. 2) . A repeated measures ANOVA (averaged for each participant; F(1,1.720) = 104.707, Fig. 2 . Mean and SEM of reaction times and postscan ratings of vividness, number of rehearsals, personal importance of the memory, and emotional impact of the original event or of the well-known object. An asterisk (*) indicates a significant difference between memory conditions, P 0.05. P 0.001) also showed a significant difference across memory conditions for the personal importance of memories. Paired t tests revealed that participants rated the personal importance of recent, t(15) = 10.932, P 0.001, and remote, t(15) = 16.938, P 0.001, autobiographical conditions significantly higher than the remote semantic memories (Fig. 2) .
For 5 of the 16 participants, diaries were used to create remote autobiographical stimuli. The reaction times (averaged for each participant) for successfully recalled remote autobiographical stimuli of those 5 participants were not significantly different from the reaction times of participants whose family members and friends had been interviewed, t(14) = À1.141, P 0.05, nor were their hit rates, t(14) = À0.820, P 0.05. These 5 individuals rated the vividness, t(14) = À2.237, P 0.05, of their memories significantly lower than participants whose family members and friends had been interviewed, but the other quality ratings of the memories did not differ from those of the other participants (all P 0.05). Pearson correlation analyses between the quality ratings of the memories and the results of the ROI analyses of the search period did not show any significant correlations (see Supplementary  Tables 1 -4 ).
Brain activation for remote autobiographical vs. remote semantic memory
Search period
We observed activation of a widespread bilateral network selective for remote autobiographical memory, but no selectivity for remote semantic memory (Fig. 3) . Laterally, it comprised the anterior and posterior parts of the middle temporal gyrus spreading into the superior temporal sulcus, temporo-parieto-occipital junction, middle and superior frontal gyri, and left inferior orbital frontal gyrus pars orbitalis. Medially, the activation network included the retrosplenial cortex spreading to calcerine sulcus, cuneus, parieto-occipital sulcus, and precuneus. It also included an area in the superior frontal gyrus, spreading into the anterior paracingulate and cingulate gyri. In MTL structures, we observed small activation spots along the collateral sulcus and in the right parahippocampal gyrus.
Reminiscence period
We found a similar bilateral neocortical network of activation specific to remote autobiographical memory that was less extensive with smaller signal strength than for the search period. For this time period, the parahippocampal activation was left-sided. Activation areas specific for remote semantic memory appeared bilaterally in the supramarginal gyri and left inferior frontal sulcus.
Brain activation for recent autobiographical vs. remote semantic memory
Search period
The contrast between remote autobiographical memory and remote semantic memory revealed a network of activation specific for recent autobiographical memory, in the same areas described above (Fig. 4) . We found additional activation in the right hippocampus, but not in the left inferior frontal gyrus. Activation specific to remote semantic memory occurred in the left supramarginal gyrus.
Reminiscence period
The contrast between recent autobiographical and remote semantic memory revealed a network of activation specific for recent autobiographical memory that was in the same areas as during the search period (and as for remote autobiographical memory compared to remote semantic memory), but less extensive and with weaker signal strength. For reminiscence, activation in the parahippocampal gyrus was left-sided, and no hippocampal activation was observed. For remote semantic memory, we found bilateral activation in the inferior temporal gyrus, supramarginal gyrus, anterior inferior frontal sulcus, inferior precentral sulcus (bordering the inferior frontal gyrus pars orbitalis), and left circular insular sulcus.
Brain activation for recent autobiographical vs. remote autobiographical memory
Search period
Only a tiny area in the central sulcus was activated specifically for remote autobiographical memory (Fig. 5) . Surprisingly, no other activation areas were observed at a statistical threshold of P 0.001. Lowering the threshold to P 0.01 revealed spotty activation bilaterally that was specific for remote autobiographical memory only in the inferior frontal lobes, spreading into orbital areas in the right hemisphere and into prefrontal areas in the left hemisphere (Fig. 6 ). Activation spots also occurred around the supramarginal gyri, spreading into the postcentral sulcus and central sulcus. Additional small spotty activation was revealed around the inferior temporal and fusiform gyri bilaterally, and in the left cingulate gyrus. Importantly, no activation differences appeared in MTL structures, even after lowering the statistical threshold to P 0.05 (Supplementary Figure 1) . 
Reminiscence period
At a statistical threshold of P 0.001, we observed activation in small brain areas: one specific for remote autobiographical memory in the left inferior frontal gyrus pars triangularis, and another specific for recent autobiographical memory in left retrosplenial cortex. Decreasing the statistical threshold to P 0.01 revealed bilateral spotty activation specific to remote autobiographical memory in the inferior frontal lobes spreading orbitally, and in the right supramarginal, left paracingulate, and inferior temporal gyri (Fig. 6) . We saw mottled activation specific to recent autobiographical memory bilaterally in retrosplenial cortex spreading to cuneus, parieto-occipital sulcus, precuneus, and subparietal sulcus. Activation specific for recent autobiographical memory occurred in the left angular sulcus and right inferior frontal gyrus, spreading into the circular sulcus of insula. We found no activation differences among MTL structures, which was also true after lowering the statistical threshold to P 0.05 (Supplementary Figure 1) .
ROI analyses within MTL structures
For the search time period, a mixed ANOVA with laterality, brain area, and memory condition as fixed factors and participants as a random factor, detected significant main effects for laterality, F(1,259) = 4.924, P 0.05, brain area, F = (2,259) = 10.390 P 0.001, and memory condition, F(2,259) = 9.378, P 0.001. The main effects of laterality and brain area likely reflected variables that were irrelevant to the current study and will not be discussed further. Fig. 7 shows the results of post hoc paired t tests. The percentage signal change was greater for recent, t(96) = 3.091, P = 0.001, and remote, t(96) = 3.134, P 0.001, autobiographical than for remote semantic memory. The ANOVA further revealed an interaction between brain area and memory condition, F(4,259.001) = 9.079, P 0.001. Table 2 shows the results of the post hoc paired t tests (Bonferroni corrections for multiple comparisons, P 0.001). While hippocampal and parahippocampal activations were significantly larger for autobiographical than semantic memory, the amygdala showed the opposite pattern. No significant differences were found between remote and recent autobiographical memories in any structure.
A mixed model ANOVA examining the reminiscence period with laterality, memory condition, and brain area as fixed factors and participants as random factor did not reveal any significant effects (all P 0.05).
Discussion
Using fMRI, we examined the brain bases of autobiographical memory concentrating on the question whether the role of MTL structures changed with the age of the memories. Our task differentiated among recent autobiographical, remote autobiographical, and remote semantic memories and, crucially, ensured the remote character of the memories elicited. First, we will discuss the activation network selective of autobiographical memory, the role of age for the activation of MTL, and neocortical structures in autobiographical memory. Then we will examine the activation network selective of remote semantic memory.
Autobiographical memory
Our results revealed a strong bilateral network of activation, left larger than right, specific to autobiographical memory compared to remote semantic memory. The activation network was similar for recent and remote memory during both retrieval periods. Also, for both autobiographical conditions, activation during reminiscence appeared less extensive with less signal strength than during search. The large network supporting autobiographical memory encompassed the middle temporal gyrus spreading into the superior temporal sulcus; temporo-parieto-occipital junction; middle and superior frontal gyri spreading into the anterior cingulate and paracingulate gyri and frontal pole; inferior frontal gyrus pars orbitalis; and retrosplenial cortex extending to calcerine sulcus, cuneus, parieto-occipital sulcus, and precuneus; and MTL structures (Tables 3 and 4 ). This network of activation is similar to activation patterns observed in other neuroimaging studies of autobiographical memory (Addis et al., 2004; Andreasen et al., 1995 Andreasen et al., , 1999 Cabeza et al., 2004; Fink et al., 1996; Gilboa et al., 2004; Levine et al., 2004; Maguire, 2001a,b; Markowitsch et al., 2003; Piefke et al., 2003; Piolino et al., 2003 Piolino et al., , 2004 Tulving, 1989) .
Role of MTL structures in autobiographical memory
MTL structures have been strongly associated with episodic memory, that is, the memory of autobiographical events: ''what'' happened, ''where'' did it happen, and ''when'' did it happen (Tulving, 2002) . The recollection of an event's rich spatio-temporal context distinguishes autobiographical memory from semantic memory and from recognition memory based on familiarity (Burgess et al., 2002) . The Standard Model of Consolidation assumes that memory representations are initially established as short-lived modifications in reciprocal connections between neocortex and MTL structures. Repeated reactivations of neocortical representations via MTL structures lead eventually to strong interconnections among cortical sites, which support memory independently of MTL structures (Bayley et al., 2003; Squire and Alvarez, 1995 ). An alternative view-the Multiple Trace Theoryis that autobiographical memory is always supported by reciprocal connections between neocortex and MTL structures, independent of the age of the memory, whereas only semantic memory (factual knowledge that is independent of a specific time and place) becomes independent of the MTL (Moscovitch et al., 1999; Nadel et al., 2000) . Thus, while the Standard Model of Consolidation predicts no activation in MTL structures specific to remote autobiographical memory, the Multiple Trace Theory does. We tested these predictions by comparing (a) remote autobiographical memory with remote semantic memory, and (b) recent autobiographical memory with remote autobiographical memory. The Standard Model of Consolidation predicts no differential activation of MTL structures in comparison (a), but more activation for recent than for remote autobiographical memory in (b). In contrast, the Multiple Trace Theory predicts more activation of MTL structures specific to remote autobiographical memory in (a), but no activation differences within MTL structures in comparison (b). Our results demonstrated activation of MTL structures specific to remote autobiographical memory compared to remote semantic One might argue that the activation of MTL structures occurred because memories were newly encoded when retrieved in the scanner. Activation due to new encoding, however, should be canceled out in our results because comparisons were made between memory conditions. One might further argue that encoding during retrieval would occur to a greater depth for autobiographical than for semantic memories because autobiographical memories are more vivid and personally more important. We estimated the effect of new encoding during scanning by examining reaction time decreases at the second presentation of the same cue . If more robust encoding for autobiographical memories occurred, we should have seen a greater decrease in reaction times for autobiographical than for semantic memories. The results, however, showed an equivalent change in reaction times across memory tasks (Fig. 2) . While we cannot exclude the possibility that the decrease in reaction times was influenced by priming effects, we can rule out major encoding differences among memory conditions.
Other investigators tried to maintain the remote character of memories by interviewing amnesic patients about events from their preamnesic life soon before scanning. The rationale for doing so was that the patients would not remember the actual interview when the memories were probed during scanning (Maguire et al., ,b,c, 2005 . It is unclear, however, to what degree this approach accesses detailed truly episodic memories because deficits in remote autobiographical memories in amnesic patients have been well documented (Moscovitch et al., 1999; Spiers et al., 2001; Steinvorth et al., 2005) .
ROI analyses for the search period confirmed the role of MTL structures in autobiographical memory independent of the age of the memory. Within the MTL, the hippocampus and parahippocampal region responded particularly to autobiographical memory, but the amygdala did not. The absence of activation in the amygdala was surprising because autobiographical memories were rated to have more emotional impact than semantic memories (Fig.  2) . Other studies, including one that specifically investigated the emotional tone of autobiographical memories, however, also found no activation of the amygdala (Addis et al., 2004; Piefke et al., 2003) . ROI analyses for the reminiscence period revealed no significant effects, and the activations within MTL structures in the voxel-based analyses (as well as in neocortical areas) were overall less extensive with less signal strength during reminiscence than during search. This finding suggests that MTL structures may be recruited more for retrieval of recollected information than for the recollection experience.
According to the Multiple Trace Theory, each reactivation of a memory trace leads to the creation of a newly encoded hippocampal trace, so that over time, older memories compared to younger are associated with a larger number of memory traces because they have a greater probability of repeated rehearsal. The net effect is that older memories will, on average, engage a greater proportion of the hippocampal complex Moscovitch, 1997, 1998) . While this prediction is not easy to translate into terms of fMRI results, one way it has been interpreted is to expect greater activation and/or a different distribution of activation within MTL structures for remote than for recent autobiographical memories (Gilboa et al., 2004) . Our results, however, did not show significant activation differences within MTL structures at the voxel level between recent and remote autobiographical memories, even after lowering the statistical threshold to P = 0.05 (see Supplementary Figure 1) . Furthermore, no overall difference was found between recent and remote autobiographical memories for any MTL structure or for the MTL as a whole in the ROI analysis. Thus, our data do not confirm this prediction of the MTT model. Our data are, nevertheless, in accordance with the main claim of the Multiple Trace Theory that MTL structures are engaged during the retrieval of remote autobiographical memory.
Other neuroimaging studies of remote autobiographical memory also reported activation of MTL structures. In most of these studies, however, participants had retrieved the autobiographical memories shortly before scanning thereby destroying the remote character of the memories (Fink et al., 1996; Maguire, 2001a,b; Piefke et al., 2003) . Two studies (Gilboa et al., 2004; Ryan et al., 2001) , in which memories had not been retrieved recently, detected hippocampal activation for recent and remote autobiographical memories. Both studies found no activation differences between recent and remote autobiographical memory, which included an ROI analysis of the hippocampus in the Gilboa et al. (2004) study. Piolino et al. (2004) also used autobiographical memories that had not been retrieved recently. Using an ROI approach, the authors found greater hippocampal activation for remote than for recent autobiographical memories, and relatively greater activation in the right than left hippocampus, regardless of the age of the memories. While these results are consistent with our conclusion highlighting the role of MTL structures in remote autobiographical memory, the present study found similar activation for remote and recent autobiographical memory and more robust activation in the left hippocampus than in the right during search. The Piolino et al. (2004) study has crucial differences, however: each memory condition included only eight stimulus sentences, and the number of participants was small (n = 7). In contrast, the present study included 50 sentences in each condition, and enrolled 16 participants. Thus, the results described here likely represent more reliable findings.
We did not find significant correlations between any quality ratings and the results from the ROI analyzes, but other studies did report a relation between activation in MTL structures, and quality ratings of the memories (Addis et al., 2004; Gilboa et al., 2004) . Addis et al. (2004) observed an effect of detail and personal significance on bilateral hippocampal activation, whereas Gilboa et al. (2004) found that vividness was crucial for hippocampal activation. It is possible that our results differ from those because one (and possibly both) of these studies included non-successfully retrieved memories into the group of low vivid memories (Gilboa et al., 2004) , while we only included successfully retrieved memories. Further, the fact that the memories were retrieved immediately before scanning in one of those studies might have influenced the quality rating or the observed activation patterns (Addis et al., 2004) . Maguire and Frith (2003) did control for the quality of memories, and still did not find an association between emotional valence or intensity and activation patterns for autobiographical memories.
In contrast to other neuroimaging studies of autobiographical memory, we distinguished between search and reminiscence, the time periods when one accesses the memory and when one recollects the memory. While we did not formally compare activations between time periods, the similarity of the activation patterns between both time periods is apparent. Several models of autobiographical memory suggest that retrieval starts with processes that guide search. These processes include search initiation, generation and maintenance of cues, and evaluation of the outcome. Other aspects of organizing the retrieval effort may include suppression of external input, attention to internally generated images, and maintenance of a set. In these models, critical cognitive processes are believed to be supported by anterior areas, especially prefrontal and anterior cingulate cortices, as well as the temporal pole and temporo-frontal junction (Conway et al., 2001; Moscovitch and Winocur, 2002) . Posterior cortical and MTL structures, on the other hand, would become important in memory retrieval only after initial access to the memory has been obtained (Conway et al., 2001; Moscovitch and Winocur, 2002) . Although we did observe prefrontal and anterior cingulate activations during search, activation was also present in MTL, temporo-occipitoparietal, and retrosplenial regions. These posterior activations may reflect the progressive retrieval of details in search-evaluateelaborate cycles that may repeat several times before a memory is completely recovered. The presentation of salient information of the original event as cues, as in our task, might have greatly reduced the initial search period (Conway et al., 2001; Moscovitch and Winocur, 2002) , rapidly initiating ecphory, and thus giving rise to recollection and activation of posterior areas. Moreover, the continuation of activation of anterior areas during reminiscence might be grounded in our instructions to participants to conjure up as many details as possible during this period, thereby requiring further cycles of search, evaluation, and elaboration.
A role for the MTL in retrieval is also suggested by the Fdreamy state,_ déjà vu and vivid recollections either as a result of spontaneous seizures, or due to electrical stimulation, or chemical activation of MTL structures (Bancaud et al., 1994; Bartolomei et al., 2004; Halgren et al., 1978; Jackson and Steward, 1898) . Stimulation of the lateral temporal neocortex likely evokes a Fdreamy state,_ or déjà vu only when the resulting after-discharge spreads medially (Bancaud et al., 1994; Gloor, 1990) .
When interpreting the absence of differential MTL activation for recent vs. remote autobiographical memories, it is important to bear in mind that hemodynamic activation reveals only one aspect of the engagement of a structure. In contrast, the behavioral effects of MTL lesions identify the tasks where the MTL makes an essential contribution. A number of studies in MTL amnesic patients demonstrate a deficit in remote autobiographical memory (Moscovitch et al., 1999; Spiers et al., 2001; Steinvorth et al., 2005) , while others did not find such a deficit (Bayley et al., 2003; Reed and Squire, 1998) . It is possible, that methodological differences lead to the discrepancies between these studies. Deficits in remote autobiographical memory in MTL amnesic patients can be detected only when one uses a technique that distinguishes between non-episodic and episodic aspects of autobiographical memory narratives, and in addition uses a standardized prompting method that provides access to unique specific events and opportunity to elaborate their details. Methods that focus on a more generalized level of personal episodes are inadequate for this kind of investigation.
The role of the age of autobiographical memories for neocortical activations
The left inferior frontal gyrus pars triangularis (BA 44/45) activated selectively to remote autobiographical compared to recent autobiographical memory during ''reminiscence,'' and during both time periods bilaterally after lowering the statistical threshold to P 0.01. This area has been related to controlled retrieval effort, when a task cannot be mastered through automated stimulus -response mapping Dobbins et al., 2002; Shiffrin and Schneider, 1984) and similarly to conflict resolution due to increased interference when the familiarity of a negative probe detracts from its lack of membership in the target set (Jonides et al., 2002) . Retrieving a memory of a personal event that occurred 10 or more years ago probably demands greater control processes and probably elicits greater interference than retrieval of a personal event that occurred during the last 1 -2 years. This interpretation is supported by participants' postscan ratings indicating that they retrieved recent autobiographical memories significantly more often than remote ones. The reaction times, however, did not differ significantly among conditions. Maguire et al. (2001a,b,c) reported that the ventrolateral prefrontal cortex is parametrically responsive to the age of autobiographical memories. They observed the opposite pattern to our study: They found more activity (particularly on the right side) during recent memories and decreasing activity as memories became more remote. Maguire et al. (2001a,b,c) observed activation differences in BA 47, whereas the differences between recent and remote memories in our study occurred in BA 44/45. While area 44/45 has been associated with retrieval effort and conflict resolution due to increased interference (Jonides et al., 2002) , area 47 seems to play a role in cue specification when using distinctive retrieval cues to identify information that needs to be recovered from long-term memory (Fletcher and Henson, 2001; Wagner, 1999) .
The spotty activation areas in the supramarginal and inferior temporal gyri uncovered after lowering the statistical threshold could be related to the need for greater effort in the remote autobiographical condition to retrieve object representations from long-term memory (Ganis et al., 2004; Ishai et al., 2002) . The orbito-frontal activation could be related to greater effort when recreating a remote social situation (Stone et al., 1998) .
The area around retrosplenial cortex was activated specifically by the recent autobiographical condition during reminiscence. Retrosplenial activation has been reported in many neuroimaging studies of autobiographical memory, many of which also observed greater retrosplenial activation for recent than for remote autobiographical memories (Addis et al., 2004; Andreasen et al., 1995; Burgess et al., 2001; Gilboa et al., 2004; Maguire, 2001a,b; Maguire and Mummery, 1999; Maguire et al., 2000; Piefke et al., 2003) . Further, it has been associated with person familiarity , synesthesia for familiar names (Weiss et al., 2001) , emotional processing (Maddock, 1999) , ''theory of mind'' (Calarge et al., 2003) , analysis of long-term associations of highly contextual objects (Bar and Aminoff, 2003) , and in particular, with spatial and episodic memory (Aggleton and Pearce, 2001; Aggleton et al., 2000; Maguire, 2001a,b; Wiggs et al., 1999) . Lesions to the retrosplenial cortex can lead to memory deficits and amnesia, stressing its importance in episodic retrieval (Valenstein et al., 1987) . Invoking imaginable representations of spatial context and mentally navigating through an imagined space constitutes an essential aspect of autobiographical recollections. Associated details (e.g., objects and familiar persons) are evoked and ''loaded'' into this spatial context while emotional facets of the memory are analyzed. Further, in analogy to a ''theory of mind,'' putting oneself into other's and one's own past position is an essential aspect of autobiographical memory. Thus, the retrosplenial region is related to episodic retrieval and recollection, when one remembers in vivid detail Burgess et al., 2001; Dobbins et al., 2002; Eldridge et al., 2000; Haist et al., 2001) . Consistent with this finding, our participants rated recent autobiographical memories as being more vivid than remote ones. We do not believe, however, that remote memories had become fully semanticized because participants indicated that they had rehearsed recent memories more often than remote ones.
Remote semantic memory
Areas that responded specifically to remote semantic memory included the supramarginal and inferior frontal cortices bilaterally, the left insular cortex, and inferior temporal gyrus. Activation in these areas has been observed in studies of visual imagery of objects or faces (Ganis et al., 2004; Ishai et al., 2002) . Investigators have suggested that these frontal and parietal regions mediate the retrieval of object representations from long-term memory and maintain them in working memory, while temporal regions store the content of the imagery.
Conclusions
A bilateral network of brain areas encompassing the temporal gyrus, the temporo-parieto-occipital junction, the middle and superior frontal gyri, inferior frontal gyrus, retrosplenial region, and MTL structures supports autobiographical memory. This network, including MTL structures, seems to change little with the age of the memories.
